In recent years, end users have become more concerned with the human experience and the personal comfort of the individual is becoming more important in the design of the built environment. Computational Fluid Dynamics (CFD) is a tool that permits assessment of personal comfort. CFD is a stream of fluid mechanics that utilises numerical methods to analyse and solve problems involving fluid flows. While research applications of CFD are developing, as is the use of CFD in the aerospace and Formula1 industries, the use of CFD in Civil Engineering applications is currently at the cutting edge. This paper will investigate the use of computational fluid dynamics as a complementary approach to wind tunnel testing for pedestrian comfort. The results showcased here were determined through a consultancy project by the team at Arup, Dublin. On determining potential wind problems, mitigation measures were proposed and tested in CFD to prove that the mitigation measures were effective. These proposed changes were incorporated into the final design and as a result planning permission was awarded for the development. This work is exemplar of how, from the very conception of the project design, new technological advances lead to a better built and sustainable environment for all.
Introduction locities for pedestrian wind comfort. More detailed comfort criteria reflecting individual opinions on acceptable frequencies of occurrence of various wind speeds have been proposed in Isyumov & Davenport (1976) , Apperly and Vickery (1974) and Melbourne and Joubert (1971) . Later, grades of comfort are introduced related to the probability that a threshold wind speed may be exceeded (Willemsen and Wisse, 2007) .
The Lawson Comfort Criteria (Lawson and Penwarden, 1975; Lawson, 2001 ) quantifies an individual's annoyance with the wind. It enables the level of pedestrian discomfort to be evaluated based on pedestrian activity, wind speed and frequency of occurrence. A wind is acceptable if it goes unnoticed, unpleasant if it is noticed but it does not prevent the area from being used for its designated purpose, and annoying when it is of sufficient strength and frequency to prevent the area being used for its designated purpose. Certain building configurations may give rise to intense local wind flows. Buildings that stand taller than their neighbors collect the wind over much of their height and direct it towards the ground. Intuitively, given that wind speed increases with height, the taller the building, the faster the wind speeds delivered to ground level (Lawson, 2001) . The funneling of wind through narrow gaps between buildings can also cause unpleasant wind environments.
To move towards a long-term sustainable built environment that is useable by pedestrians, it is necessary to determine the risk and occurrence of possible zones of unacceptably high pedestrian discomfort. It is crucially important that appropriate design decisions are made to eliminate such zones. While the challenge of wind-induced discomfort of pedestrians is not new, more modern types of buildings and open space configurations have evolved to create potentially even windier environments. Typically, such configurations involve tall buildings rising well above the surrounding built environment and adjacent to open spaces such as plazas and malls (Simiu, 1996) .
There are many design considerations that architects, engineers and planners take into account to mitigate windy conditions in the built environment. The orientation of commercial and residential buildings, the selection of the type of balcony (winter-garden or re-entrant balcony) relative to the direction of the prevailing winds and the inclusion of wind canopies and shelters are some examples that markedly improve the wind environment for the end users and pedestrians.
Urban authorities and councils are beginning to recognize the importance of pedestrian wind comfort and wind safety. The Dutch Wind Nuisance Standard NEN 8100 (NEN, 2006) , to the best knowledge of the authors, is the first standard in the world to account for pedestrian wind comfort in the built environment. It is noteworthy that the standard unambiguously permits the designer to choose between wind tunnel experimentation and CFD modelling to assess the wind environment (Blocken et al. 2012 ). Flachsbart (1932 , concluded that simulations of the behavior of wind around buildings should be conducted in wind tunnels. Wind tunnel testing is now a long-established approach and the knowledge and experience gained over the years has established wind tunnel testing as the traditional method for conducting wind analysis. However, wind tunnel testing is not without its short-comings. For instance; _ Wind tunnels requires physical equipment to collect the data. As a result, it is only possible to monitor the flow field at a limited number of locations and it is difficult to measure the pressure field and velocity field at the same time. Furthermore, the presence of the measuring device can often disrupt the flow.
_ For a truly representative model, the Reynolds number should be similar for the model as for the prototype. However, the reduced scale models used in the analysis of tall or longspan structures would require impossible air flow velocities though the tunnel to ensure Reynolds number consistency.
_ Time and effort is required to develop a scale model for the wind tunnel test, this renders them unsuitable to the earlier stages of the design process when the design is in greater flux.
_ Wind tunnel estimates from different wind tunnels can vary widely.
With the advent of computational power and the capability of numerical methods like Finite Element Analysis, it is now possible to accurately simulate wind flow conditions in a virtual environment. Computational Fluid Dynamics (CFD) is an advanced modelling technique that establishes a basis to solve problems of fluid flow. CFD solves partial differential equations in continuum mechanics using numerical techniques. The equations governing fluid motion are based on the fundamental physical principles of the conservation of mass, momentum and energy. CFD discretizes the overall problem into many small volumes that can be solved more easily (Ferziger, 2002) . Combining the solutions from these small volumes permits the generation of a complete solution.
CFD has been successfully applied in many areas of fluid mechanics including, heat and mass transfer (Lien, 2012) , chemical reaction and combustion (Senveli, 2014) , aerodynamics of cars and aircrafts, and pumps and turbines. Applications of CFD to the built environment include wind modelling and the dynamics response of structures (Montazeri, 2013) ventilation (Meroney, 2009) fire, smoke flow and visibility (Senveli, 2014) dispersion of pollutants and effluent (Prasad, 2013) and heat transfer in buildings (Kobayashi, 2003) . Traditionally, the interaction of these phenomena has been carried out experimentally, using scaled models and short calculations.
Computational Wind Engineering (CWE) is a branch of CFD concerned with the behavior of wind. Similar to wind tunnel tests, it can be used to understand the interaction of wind flow through an urban environment and the effect of a proposed development on the local wind microclimate.
In CFD the problem is expressed as a mathematical model and is solved iteratively using numerical methods this gives abundant benefits over the physical wind tunnel, including:
_ The entire flow field is solved simultaneously in CFD and therefore, it is possible to collect results from anywhere within the computational domain without influencing accuracy.
_ The scale of the model is irrelevant in CFD modelling as the computational domain can be set to any scale. As a result, CFD does not suffer from any issues with Reynolds number violation.
_ Generally, CFD software packages interface easily with computer aided-design (CAD) packages. Should changes in design be necessary, it is relatively easy to adjust a CFD model due to these new design specifications and therefore, CFD is better integrated into iterative design processes.
However, CFD is not without its disadvantages. For instance, it is difficult to model free stream turbulence in CFD and it can be challenging to accurately model flow separation and free shear layers. If it is possible to verify and validate a CFD model using wind tunnel testing as a benchmark, there is potential to examine a greater variety of flow configurations due to greater flexibility of CFD. Lastly, to capture wind flow phenomena in sufficient detail, large finite volume models are necessary requiring significant processing power. These large models generate a great amount of data, which in turn needs to be stored and analyzed.
There have been a few studies that use CFD in the built environment. He and Song, (1999) used a LES simulation CFD model based on the weakly compressible flow equations to simulate pedestrian fields around an urban area. Three case studies are presented showing differing wind effects. CFD is not however used as a design tool to modify proposed buildings nor is a wind tunnel test used to validate the results. A comparison of numerical results is presented with the classic wind tunnel tests on different buildings.
Janssen, Blocken and Hooff (2013) compared different wind comfort criteria based on a case study of Eindhoven University, Netherlands. Validation was possible using real-world measurements from the university, taken over a two-hour span. There was no modification proposed during a design process. In (Blocken Janssen and Hooff, 2012) a framework is presented for the integration of the existing best practice guidelines into wind comfort and wind safety studies performed with CFD. The same Eindhoven University case study and validation is used to build the framework. Fadl and Karadelis (2013) undertook CFD simulation for wind comfort and safety at Coventry University, in the UK. No validation tests were conducted and no changes to the design were needed.
This paper proposes a world first, to validate CFD against wind tunnel tests for the same building while also proposing a change in design to alleviate pedestrian discomfort. The results showcased here were determined through a consultancy project by the team at Arup, Dublin. On determining potential wind problems, mitigation measures were proposed and tested in CFD to prove that the mitigation measures work. These proposed changes were incorporated into the final design and as a result planning permission was awarded for the development. This work is exemplar of how, from the very conception of the project design, new technological advances lead to a better built and sustainable environment for all.
The proposed development at the Dublin docklands consists of the construction of an office building ranging in height from 8 to 17 storeys, herein referred to as the Dublin Docklands tall building. The construction of new buildings and the alteration of the existing landscape may alter the flow of the wind in the surrounding area (Penwarden, 1973) . It was found that the proposed development can generate a wind environment at ground level that is discomforting or even possibly dangerous to pedestrians, these metrics were determined in accordance with the Lawson Comfort Criteria (Lawson, 2001) previously discussed. This case study was first modelled in a wind tunnel test, where the potential for pedestrian discomfort was identified. Arup undertook the wind modelling of the entire built landscape using CFD to first validate and prove that the augmentation to the design taking into account these findings. The wind tunnel test and the CFD model are discussed in this section. An assessment of the microclimate was also undertaken to test the CFD model in historic wind conditions.
Wind Tunnel Test
The objective of a wind tunnel test is to produce estimates of wind effects with specified mean recurrence intervals. Wind tunnel tests measure aerodynamic or aero-elastic data associated with wind-structure interaction, i.e. aerodynamic pressures, the dynamic or aero-elastic response and wind speeds affecting pedestrian spaces. The object or model under investigation is placed in the centre of the wind tunnel, sufficiently downstream to facilitate the development of the velocity profile, and sufficiently upstream to capture the wake of the flow. Air at a given velocity is blown down the tunnel using a fan. Small blocks or spike are used upstream of the model under investigation to simulate turbulence in the flow. Sensors are distributed on the surface of the scale model placed in locations of interest.
A boundary layer wind tunnel study of the proposed development at the Dublin Docklands tall building was previously conducted by another company at a local wind tunnel facility to assess the impact of the proposed development on the wind microclimate. The study examined the wind microclimate of the Dublin Docklands in its existing configuration and the proposed development.
CFD Modelling Methodology
Modelling in CFD comprises three main stages: pre-processing, simulation and post-processing. Pre-processing involves the construction of the geometric model for the flow domain of interest, and the subsequent division of this domain into small control volumes (cells), a process often called 'meshing'. The flow field and the equations of motion are discretized, and the resulting system of algebraic equations is solved to give values at each node. Once the model and Methodology the mesh have been created, appropriate initial conditions and boundary conditions are applied.
The Navier-Stokes equations, the governing equations for the behaviour of fluid particles, are solved iteratively in each control volume within the computational domain until the solution converges. The field solutions of pressure, velocity, air temperature and other properties can be calculated for each control volume at cell centres and interpolated to out points in order to render the flow field.
Post-processing involves graphing the results and viewing the predicted flow field in the CFD model at selected locations, surfaces or planes of interest. The Navier-Stokes equations, used within the CFD analysis, apply a numerical representation to approximate the laws of physics to produce extremely accurate results, providing the scenario modelled is representative of reality.
As part of the computational process, the domain was divided into a total of 16 million cells. The Fig. 1 Computational Domain
Fig. 2
Wind SpeedsComfort Criteria Fig. 3 Wind SpeedsDistress Criteria cells range in size from 0.4 m at the Dublin Docklands tall building to 3.2 m at the outer domain (Fig. 1) . Closed boundary conditions were applied on the bottom face of the domain, representing the ground. Open boundary conditions were modelled elsewhere.
As with any computer simulation, the quality of the results is dependent on the quality of the inputs; the assumptions, modelling characteristics employed and the equations used to represent the phenomena. There will inevitably be approximations, and a robust model validation process is essential. A high-level understanding of the modelling process and of the phenomena being modelled is necessary for the output to be of any practical use.
Assessment of the climate
The local wind climate was determined from historical meteorological data recorded at Dublin Airport. Two different datasets were analysed, namely; the data associated with the maximum daily wind speeds recorded over a 30-year period between 1985 and 2015, and the mean hourly wind speeds recorded over a 10-year period between 2005 and 2015. The wind speeds in the vicinity of the development will differ from the wind recorded at Dublin Airport. It is necessary to transform the wind speeds to take account of local conditions (Simiu, 2001) . From this, a single wind speed profile was determined for each direction for both comfort and distress criteria, as illustrated in Fig. 2 and Fig. 3. A verification of the model used in this research investigated the effects of five parameters; the upstream length, the downstream length, the model height, the cross-stream width and mesh size. In essence this captures the sensitivity of the results to the size and shape of the domain. Using a Modified Partial Design Technique adapted from (Box, 2005) , nine models were created using variations in these parameters, the combinations of which are shown in Table 1 . Table 1 Nine The results of the nine models were analysed to assess sensitivity of the results of wind velocity to each of the four parameters. Fig. 4 shows the sensitivity of the recorded velocity at sensor locations H2, B2, E11 and E9. H2 is placed at the north-east corner of the building, B2 is placed on the north-west corner of the building, and sensors E11 and E9 are located in the undercroft. All sensors are at a height of 1.6m.
Verification by Sensitivity Analysis
From each of the sup plots of Fig. 4 , it is observed that the same trend of sensitivities emerge as the upstream length, downstream length, height and cross-section width are altered. Examining
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Verification of results from four sensors placed at grid reference points H2, E11, B2, and E9
one of these plots, in the case of sensor location H2, as the upstream length increases, less than a 5% decrease in velocity is observed. It was found that the recorded velocities were also slightly sensitive to changes in downstream length. For sensor location H2 as the downstream length increases, the velocities range from 3.8 m/s to 4.25 m/s respectively. Less than a 5% increase is observed in the velocities of this sensor as the domain height increases. In relation to the effect of the cross-stream width on results, the velocities recorded at the twelve locations were found to be insensitive to changes in the cross-steam width. The trend seen in these velocities are replicated for eleven other sensors placed at various locations throughout the model. A tenth verification model was created to assess the sensitivity of velocity results to changes in mesh size. In this model, the domain size matches that of the 9 th model, provided in the Table 1 ; however, the mesh size was half as fine (0.2 m as opposed to 0.4 m). Even with this increase in granularity the velocities observed by the twelve sensor locations were found to be insensitive to decreasing the mesh size. To validate the CFD modelling process the environment was recreated in the wind tunnel analysis predetermined by the external company. For the purposes of validation of the models, the original Dublin Docklands tall building model was considered. The exterior of the building was considered to be smooth, which is consistent with the wind tunnel tests and therefore, it neglects any influence of the external truss on the flow. The equivalent average hourly gust speed is calculated based on 5% turbulence intensity and a K value of 1.5. The data sampling locations (Fig. 5 and 6) , have been selected to be as close as possible to the exact sensor locations used in the wind tunnel tests. This study focuses on Points 18 to 28 and is confined to comparing, at these locations, the CFD results with the findings of the previous microclimate study. The comfort criteria and distress criteria adopted in this study are consistent with the previous wind assessment carried out by the external company.
The validation results of the CFD simulation of the Dublin Docklands tall building shows good consistency with the original wind tunnel test results. As indicated in Fig. 7 and 8, the CFD simulation results suggest that many of the same locations identified using wind tunnel testing suffer from pedestrian discomfort and distress. Therefore, the results of the CFD models are considered to be consistent with the original wind tunnel test results.
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The assessment of the pedestrian comfort and distress in the pedestrian thoroughfare between the 3Arena and the Dublin Docklands indicates that the main areas of concern are at the southern end. The equivalent wind speeds from the perspective of comfort and distress are 12 m/s and 24 m/s respectively. These speeds arise when high westerly winds cause discomfort and distress between the 3Arena and the Dublin Docklands tall building (Fig. 9) . Midway along the building, the equivalent hourly average gust wind speed from a comfort perspective is 8.3 m/s. at the northern end, the analysis reveals that the wind speeds are insufficient to cause either discomfort or distress.
In addition, it is possible that winds from the south and north will be of distress to the public. The equivalent hourly average gust speed is estimated at 15.4 m/s and 16.3 m/s from the North and Southwest, respectively. These wind speeds exceed the distress threshold for the public of 15 m/s.
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Results
The assessment of the pedestrian comfort and distress in the passageways between the Dublin Docklands tall building reveals that the wind conditions might be discomforting and distressing to pedestrian. However, the level of discomfort and distress is related to the wind direction. For instance, while westerly winds with an annual return period may produce conditions unsuitable for undertaking any activity within the undercroft, a slight shift in direction to the south results in an acceptable environment. It would appear that much of the pedestrian discomfort and distress is due to westerly winds. From the perspective of comfort, the equivalent hourly average gust speed in the undercroft passageways range between 10 m/s and 13.9 m/s for westerly winds, which is considered uncomfortable irrespective of the activity being undertaken. The main source of distress is due to westerly winds which range between 15 m/s and 30 m/s along the length of the building. These high wind speeds near ground level are due to the building funnelling high level winds downward. The wind speeds are further increased through the undercroft passageways as the wind is forced through narrower openings underneath the building (Fig. 10) . Although it might be expected that easterly winds might cause similar pedestrian discomfort and distress within the building undercroft, it is apparent from Fig. 11 that this is not the case. The wall on the western boundary of Dublin Port acts to disturb the wind. The bluff nature of the wall causes the flow to separate and the formation of large vortex between the wall and the Dublin Docklands tall building (Fig. 12) . The vortex acts to push much of the wind over the Dublin Docklands tall building. As a consequence, there is less flow passing under the Dublin Docklands tall building. 
Modifications to the design
The assessment of the wind microclimate indicates that westerly winds are responsible for most of the pedestrian discomfort and distress associated with this development. Furthermore, the high-speed winds present at ground level are largely due to downdrafts. These high-speed winds are further exacerbated by the narrower openings between the cores within the undercroft. It should be possible to improve the quality of the public realm near the Dublin Docklands tall building with respect to the wind microclimate by preventing these high-speed air flows in reaching the ground.
The downdraft can be mitigated through the provision of a canopy above ground level along the western edge the building. The design was modified to include a 3.0 m canopy. The purpose of this modification is to enable the canopy to act as a wind gutter. The extension of the canopy to the edges of the building helps the development of a positive pressure gradient along the canopy with the objective of driving the flow around the building rather than underneath it. The modifications to the canopy were considered in a further simulation. In addition, while the original CFD models utilised a relatively coarse mesh, which permitted a crude representation of the exterior truss in the model, this model adopted a finer mesh of moderate refinement, which enables the truss structure to be represented more accurately.
The results of this simulation reveal that the ground level wind speeds are considerably lower than the earlier simulations beneath the building and along the pedestrian thoroughfare between the 3Arena and the Dublin Docklands tall building. For instance, a significant decrease in wind speed was identified underneath the building near the northern core, where the equivalent hourly average gust speed reduced from 30 m/s to 14.5 m/s. This reduction in wind speed is attributed to the provision of a larger canopy.
It is apparent from Fig. 13 that the canopy does not confine the flow completely. However, it does indicate the presence of a large wake region below the canopy. This wake region does indicate that the canopy disrupts the downdraft. The overall effect is to reduce the velocity of the flow through the undercroft as illustrated in Fig. 14 and 15 with the effect of significantly improving pedestrian comfort to acceptable levels. Furthermore, the canopy proposed in the design is 3 m wide which enhances its effectiveness. This will further reduce the wind speeds within the undercroft and improve pedestrian comfort to more acceptable levels. This research has validated that CFD obtains equivalent results, comparable to and in agreement with a wind tunnel test. Further, as potential wind problems were uncovered in the design stage of a building submitting for planning permission, mitigation measures were proposed and tested in CFD to verify the proposed changes. These changes were incorporated into the final design and as a result planning permission was awarded for the development. This case study is exemplar of how, from the very conception of the project design, new technological advances lead to a better built and sustainable environment for all. This paper shows that CFD has a role to play in informing design to mitigate unpleasant wind conditions. In summary, CFD is a strand of applied research that has the potential to improve quality of design, is of immediate practical use and has a significant role to play in sustainable consulting engineering. Conclusions
